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a b s t r a c t
Themature brain is organized into distinct neural networks deﬁned by regions demonstrat-
ing correlated activity during task performance as well as rest. While research has begun
to examine differences in these networks between children and adults, little is known
about developmental changes during early adolescence. Using functional magnetic reso-
nance imaging (fMRI), we examined the Default Mode Network (DMN) and the Central
Executive Network (CEN) at ages 10 and 13 in a longitudinal sample of 45 participants.
In the DMN, participants showed increasing integration (i.e., stronger within-network
correlations) between the posterior cingulate cortex (PCC) and the medial prefrontal cor-
tex. During this time frame participants also showed increased segregation (i.e., weaker
between-network correlations) between the PCC and the CEN. Similarly, from age 10 to
13, participants showed increased connectivity between the dorsolateral prefrontal cortex
and other CEN nodes, aswell as increasing DMN segregation. IQwas signiﬁcantly positively
related to CEN integration at age 10, and between-network segregation at both ages. These
ﬁndings highlight early adolescence as a period of signiﬁcant maturation for the brain’s
functional architecture and demonstrate the utility of longitudinal designs to investigate
neural network development.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
Y-NC-NB
1. Introduction
Early adolescence is aperiodof substantial neural devel-
opment, triggered in part by biological changes related
to the onset of puberty as well as signiﬁcant changes in
youths’ social sphere. Work in animals and neuroimaging
studies in humans suggest that pubertal development cor-
responds with signiﬁcant changes in the brains’ structural
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and functional organization (e.g., Blakemore et al., 2010;
Sato et al., 2008). This neural maturation is accompanied
by developments in the social and cognitive domains. Ado-
lescents experience a “social reorientation” (Nelson et al.,
2005)whereby theybecome increasingly sensitive to social
cues and peer relationships. Indeed, the emphasis on social
learning andpreparation for adult roles during adolescence
occurs in cultures around the world (Schlegel and Barry,
1991; Schlegel, 1995). Youth also make important strides
in executive functioning, including inhibitory control, plan-
ning for the future, metacognition, and hypothesizing
about others’ mental states (e.g., Dumontheil et al., 2010;
Weil et al., 2013; Williams et al., 1999).
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Between childhood and adulthood, signiﬁcant changes
lso occur in the functional architecture of the brain.
he adult human brain is organized into functional
etworks, consisting of sets of distinct neural regions
hatdemonstrate correlatedbloodoxygen level-dependent
BOLD) signal ﬂuctuations both during speciﬁc tasks and
hile at rest (e.g., Fox and Raichle, 2007). Immature
ersions of these networks—i.e., signiﬁcant but weaker
onnectivity between some or all “hub” regions of each
etwork—have been documented in childhood and even,
o some extent, in infancy (for a review, see Dennis and
hompson, 2013). Nonetheless, these immature networks
end to have weaker internal connectivity and are
ess functionally segregated (i.e., demonstrate stronger
etween-network correlation) than those in adulthood,
ith adolescence representing a period of intermediate
onnectivity (Jolles et al., 2011; Kelly et al., 2009; Fair et al.,
007a, 2009; Hwang et al., 2013). Despite our increas-
ng understanding of the dramatic neural maturation that
ccurs during the second decade of life, relatively less is
nown about the development of functional networks dur-
ng adolescence, particularly during the years when the
ost dramatic pubertal changes typically occur. Further-
ore, themajority of researchexamining thematurationof
unctional networks has relied upon cross-sectional, rather
han longitudinal data, with only a few exceptions in infant
opulations (e.g., Gao et al., 2014; Smyzer et al., 2010).
he present study examines the development of two func-
ional networks in early adolescence using a longitudinal
ample of participants who were studied at ages 10 and
3. Speciﬁcally we examined the Default Mode Network
DMN) and the Central Executive Network (CEN), which
avebeen implicated in social cognition andexecutive con-
rol, respectively.
Raichle and colleagues (2001) ﬁrst observed that a net-
ork of neural regions, including the posterior cingulate
ortex (PCC), the medial prefrontal cortex (mPFC), and
he lateral parietal cortex showed increased activity dur-
ng “baseline,” or when an individual is at rest. This same
etwork of regions has been shown to be deactivated dur-
ng a variety of neuroimaging tasks requiring cognitive
rocessing; indeed, it has also been labeled the “task-
egative” network (Fox et al., 2005b; Greicius et al., 2003;
inder et al., 1999; Shulman et al., 1997). The past decade
as seen a surge of scientiﬁc interest in the DMN, both in
ypical and clinical populations (for a review, see Broyd
t al., 2009). In task-based fMRI designs, regions of theDMN
re frequently activated during social cognition, including
rocessing emotional stimuli, introspection, and thinking
bout others’mental states (e.g., Blakemore, 2008;Gusnard
tal., 2001;Maddock, 1999).Given its involvement in social
ognition, this network of regions is sometimes referred to
s the “mentalizing network” in the social affective neuro-
cience literature (e.g., Atique et al., 2011).
The CEN, in contrast, is one of the two networks that
requently activates during typical fMRI tasks involving
xecutive functions. Seeley and colleagues (2007) dis-
inguished between the salience network, with main
ubs in the dorsal anterior cingulate and orbitofrontal
nsular cortices, and the CEN, anchored in the dorsolateral
refrontal cortex (dlPFC) and posterior parietal cortexe Neuroscience 10 (2014) 148–159 149
(pPC), particularly the intraparietal sulcus (IPS). They
reported that activity in the CEN, but not the salience
network, correlated with performance on executive
control tasks. Emerging evidence suggests the strength
of within-network connectivity in the CEN, (also called
the frontoparietal control system/network; Vincent et al.,
2008) is associated with higher IQ in children, adolescents,
and adults (e.g., Langeslag et al., 2013; Li and Tian, 2014;
Song et al., 2008). CEN activity has been shown to be
anticorrelated with activity in the DMN in healthy adults
(Fox et al., 2005b;Menon andUddin, 2010; Sridharan et al.,
2008), and it has been proposed that it may even directly
inhibit DMN activity under certain circumstances (Chen
et al., 2013). Data from cross-sectional research suggests
that increasing integrationwithin each functional network
and segregation between these and other networks occurs
throughout childhood and adolescence (Fair et al., 2007a).
The present study aimed to investigate the integration
and segregation of the CEN and DMN during a relatively
narrow period of development—ages 10 to 13—wherein
signiﬁcant structural and functional brain maturation, as
well as socioemotional and cognitive development, occur.
The data were collected as part of a longitudinal study
which did not involve a traditional resting-state scan.
Instead, we used functional data from a passive listening
task of meaningless speech (McNealy et al., 2006, 2010,
2011) and performed the analyses on a residual timeseries
after the task-speciﬁc effects were statistically controlled
for. While our fMRI scan does differ somewhat from a
traditional “resting state” scan, it is worth noting that par-
ticipants were not engaging in active semantic processing,
as the auditory stimulus was composed of unbroken non-
sense syllables. Previous researchhas found that the brain’s
functional networks aredetectable during task-based stud-
ies as well as at rest (Fair et al., 2007b; Harris et al.,
2014; Smith et al., 2009). Indeed, work by Fox et al.
(2005a) suggests that spontaneous ﬂuctuations of func-
tional networks account for a signiﬁcant portion of the
BOLD signal response during task-based fMRI paradigms.
Our present ﬁndings demonstrate that thehubs of theDMN
and CEN do indeed demonstrate signiﬁcant and strong
functional connectivityduringapassive listening task, after
controlling for the effects of that task (note that while
the present study does not examine functional networks
as they relate to language tasks, a growing body of litera-
ture considers this question; see, for example, Regev et al.,
2013; Honey et al., 2012). In using a longitudinal dataset,
wewere afforded the ability to detect changes in functional
connectivity with more sensitivity, and to conclude with
greater conﬁdence that our ﬁndings indeed reﬂect changes
over time rather than differences between two samples. To
the best of our knowledge, the present study is the ﬁrst to
use longitudinal data to examine the development of the
brain’s functional architecture during adolescence.
2. Methods2.1. Participants
A sample of 45 typically developing children (24
females) participated in a longitudinal study on brain and
Cognitiv150 L.E. Sherman et al. / Developmental
behavioral development during the adolescent years. All
participants provided behavioral and neuroimaging data at
two time points. At the ﬁrst time point, participants ranged
in age from9.49 to 10.57 years (average age=10.08±0.31),
and at the second time point ranged in age from 12.38
to 13.90 years (average age=13.02±0.32). Participants
were ethnically and socioeconomically diverse: 53.3%
of participants were White, 22.2% Hispanic, 6.7% Mul-
tiethnic/Multiracial, 6.7% Black, 4.4% Asian, 4.4% Native
American/American Indian, and 2.2% Paciﬁc Islander.
Household income of the sample at age 10 (ﬁrst time
point) ranged from<$15,000 to>$400,000,with themedian
household income bracket $80,000–$100,000. Full-scale
IQ, as assessed by the Wechsler Intelligence Scale for Chil-
dren (WISC-III; Wechsler, 1991) ranged from 86 to 148
(Average IQ=118.5). From age 10 to 13 (ﬁrst to second
time point), the 45 participants did not differ in their level
of mean absolute motion (p= .205), maximum absolute
motion (p= .408),mean relativemotion (p= .458), andmax-
imumrelativemotion (p= .627). Participants’ average score
on the Pubertal Development Scale (PDS; Petersen et al.,
1988)was1.79at age10and2.65at age13 (outof apossible
four points). The PDSmeasures puberty through a series of
self-reportquestionsassessingphysical changes. Forexam-
ple, items on the PDS assess changes in body and facial
hair growth and voice changes for males, and increases in
breast size and onset of menarche for females. Responses
of “1” correspond to the prepubertal stage and “4” corre-
spond to the post-pubertal stage. At age 10, none of our
female participants reported having experienced menar-
che; at age 13, 64% of our female participants reported that
they had experiencedmenarche. Indeed, at age 13, none of
our participants reported being completely post-pubertal
(i.e., with a score of 4 points), but all reported experiencing
at least some changes as a result of puberty. Participants
had no history of signiﬁcantmedical, psychiatric, or neuro-
logical disorders. Participants and their parents completed
written consent and assent in accordance with the univer-
sity’s Institutional ReviewBoardandwere compensated for
their participation.
2.2. fMRI paradigm and data acquisition
Data used in the present study were acquired during
an fMRI scan lasting 8min and 48 s. Participants passively
listened to a stream of nonsense speech (concatenated
syllables). Participants were not explicitly instructed to
perform any task other than listening to the syllables. The
nonsense speech was presented in three counterbalanced
blocks (McNealy et al., 2006, 2010, 2011).
Functional and structural images were acquired using
a Siemens Allegra 3Tesla head-only MRI scanner. A
two-dimensional spin-echo scout [repetition time (TR),
4000ms; echo time (TE), 40ms; matrix size, 256×256;
4mm thick; 1mm gap] was acquired in the sagittal plane
to allow prescription of the slices to be obtained in the
remaining scans. For each participant, a high-resolution
structural T2-weighted echo-planar imaging (EPI) volume
[TR, 5000ms; TE, 33ms; matrix size, 128×128; ﬁeld of
view (FOV), 20 cm; 36 slices; 1.56mm in-plane resolution;
3mm thick] was acquired coplanar with the functionale Neuroscience 10 (2014) 148–159
scans to allow for spatial registration of each participant’s
data into a standard coordinate system. For the speech
stream exposure task, one functional scan was acquired
covering the whole cerebral volume (174 images; EPI gra-
dient echo sequence; TR, 3000ms; TE, 25ms; ﬂip angle,
90◦; matrix size, 64×64; FOV, 20 cm; 36 slices; 3.125mm
in-plane resolution; 3mm thick; 1mm gap).
2.3. fMRI data preprocessing
fMRI data were preprocessed and analyzed
using FSL version 4.1.4 (FMRIB’s Software Library,
http://www.fmrib.ox.ac.uk/fsl; Smith et al., 2004) and
AFNI (Analysis of Functional NeuroImages; Cox, 1996).
Structural images were skull-stripped using AFNI’s
3dskullstrip and functional images were skull stripped
using AFNI’s 3dautomask. Functional volumes were
motion corrected to the average functional volume
using MCFLIRT (Jenkinson et al., 2002), which utilizes
a normalized correlation ratio cost function and sinc
interpolation. Translations and rotations in the x, y, and z
dimensions were calculated from volume to volume and
then collapsed into mean absolute (compared with the
average functional volume) and relative (compared with
the previous volume) displacements.
2.3.1. fMRI analysis with motion scrubbing
An ongoing concern in functional connectivity studies,
particularly in developmental populations, is the poten-
tial bias caused by head motion in the scanner. Several
research groups (e.g., Power et al., 2012; Satterthwaite
et al., 2012; van Dijk et al., 2012) have demonstrated
that even minimal differences in motion between two
samples can introduce artifacts into the data. Several pro-
cedures have recently been proposed to addressed these
motion confounds. Power and colleagues (2012) recom-
mend“scrubbing,” or completely removingvolumesofdata
during which excessive motion or motion-related signal
changes are observed, as well as volumes preceding and
following these outlier volumes. Others (Hallquist et al.,
2013; Satterthwaite et al., 2013) suggest applying a band-
pass ﬁlter, employed to remove artifacts created by high
and low-frequency noise, either after regressing nuisance
variables or simultaneously with this step. Importantly,
work by Satterthwaite and colleagues (2013) suggests that,
after taking into account the biases introduced by motion
artifacts, functional connectivity continues to be a valid
and valuable approach to characterizing neurodevelop-
ment across the lifespan. Given the ongoing debate about
motion artifacts, particularly in developmental popula-
tions, we have elected to perform analyses in two ways
to conﬁrm that our main ﬁndings survive rather differ-
ent analytic approaches: (1) using our original pipeline,
but applyingmotion scrubbing and (2) reversing the band-
pass ﬁlter and nuisance regression steps, without motion
scrubbing. The Methods and Results for the latter analy-
ses are presented in our Supplementary materials. Here,
we present our original pipeline which included motion
scrubbing.
Time-series statistical analysis was carried out accord-
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nalysis Tool), Version 5.98. Following preprocessing, a
emporal band pass ﬁlter (0.01Hz< t<0.1) was applied to
ach subject’s data. Images were then spatially smoothed
sing a Gaussian kernel of FWHM 5mm, and the lan-
uage task was entered as a regressor into themodel. FAST
FSL’s Automatic Segmentation Tool) was used to gener-
te individual subject masks for cerebrospinal ﬂuid (CSF),
hite matter (WM) and global signal from their structural
mages. We performed nuisance regression using these
M, CSF, and global signal masks. Based on Power and
olleagues’ (2012) recommendation, we did not include
otion parameters as nuisance regressors in the model.
Next, utilizing the steps recommended by Power
nd colleagues (2012), we calculated each participant’s
ramewise displacement (FD), a scalar measurement of
otion using the six rigid body motion parameters, and a
lobalmeasureof volume-to-volumeBOLD image intensity
hange (DVARS; D referring to temporal derivative of time-
ourses, VARS referring to the rootmean square of variance
ver voxels). Volumes inwhich FDexceeded0.5 andDVARS
xceeded 0.5% change in the BOLD signal (Power et al.,
012) were “scrubbed,” or removed entirely from the data.
urthermore, to account for the temporal smoothing of
OLD data in functional connectivity processing, the vol-
me preceding and two volumes immediately following
he “scrubbed” volume were also removed. On average, a
otal of 11.53 volumeswere removed from age 10 data and
1.36 volumes were removed from age 13 data. A paired
-test revealed that the number of volumes scrubbed at
ges 10 and 13were not signiﬁcantly different, t(44) =0.07,
= .947.
These “scrubbed” residuals were aligned to subjects’
igh-resolution coplanar images via an afﬁne transforma-
ion with 6 degrees of freedom. We then used FMRIB’s
inear image registration tool (FLIRT) to align the residuals
o the standardMontrealNeurological Institute (MNI) aver-
ge brain using an afﬁne transformationwith 12 degrees of
reedom.
In order to examine whole-brain connectivity in the
MN and CEN,we selected two seed regions based on ﬁnd-
ngs from the existing literature and performed seed-based
onnectivity analyses. To examine the DMN, we selected
spherical seed in the posterior cingulate cortex (PCC)
ased on Shulman and colleagues’ 1997 meta-analysis
MNI coordinates −5, −53, 41; see also von dem Hagen
t al., 2013). Previous research (Margulies et al., 2009)
as detected heterogeneity in the functional connectivity
f the precuneus and PCC using multiple 3-mm spherical
eeds. Given this heterogeneity, as well as the hetero-
eneity of individual participants’ anatomy, we elected
o use a relatively large 10-mm seed in order to elicit
broader connectivity map, though more targeted seeds
ay be appropriate in the future as our understanding of
he development of the DMN progresses. To examine the
EN, we selected a 10mm-diameter spherical seed in the
orsolateral prefrontal cortex (dlPFC), using coordinates
dentiﬁed by Seeley and colleagues as uniquely differenti-
ting the CEN from the salience network (MNI coordinates
4, 36, 20). We extracted ROI time-series from each sub-
ect’s processed residuals in standard space and correlated
hemwith every voxel in the brain to generate connectivitye Neuroscience 10 (2014) 148–159 151
maps for each subject and ROI. Individual correlationmaps
were then converted into z-statistic maps using Fischer’s
r to z transformation. At the group level, we modeled a
paired-sample mixed-effects design (Z>2.3, corrected for
multiple comparisons at the cluster level p< .05), and com-
pared connectivity in each of the networks at ages 10 and
13. To examine the possible role of IQ in predicting indi-
vidual differences in the CEN,we performed two additional
mixed-effect analyses (Z>2.3, corrected for multiple com-
parisons at the cluster level p< .05) relating participants’
full-scale IQ, as measured by the WISC at age 10 to dlPFC
connectivity across thewhole brain (at both age 10 and13).
Participants completed the Wechsler Abbreviated Scale of
Intelligence (WASI;Wechsler, 1999), but not the full WISC,
at age 13.While some research has documented changes in
IQ scores during late childhood/early adolescence (Canivez
and Watkins, 1998; Watkins and Smith, 2013), our partic-
ipants’ WISC scores at age 10 and their WASI scores at age
13 were highly correlated (r= .75, p< .00001). We elected
to use scores from the more comprehensive WISC in our
analyses.
3. Results and discussion
3.1. Default mode and central executive networks at ages
10 and 13
Fig. 1 depicts the DMN (panels A and B) and CEN (panels
E and F) as identiﬁed in our samples at ages 10 and 13. At
both time points, participants’ functional networks resem-
bled those found in mature adults in previous work (e.g.,
Raichle et al., 2001; Seeley et al., 2007): the “hub” regions
described in previous work were signiﬁcantly correlated
with our seed regions as described below.
Activity in the PCC seed was signiﬁcantly correlated
with other “hub” regions of the DMN, including the mPFC
and the lateral parietal lobules (Raichle et al., 2001). Addi-
tionally, Table 1 describes a number of other regions
showing correlated activity with the DMN, including the
caudate, thalamus, bilateral temporal cortex, and cingu-
late, among others. Notably, the left hippocampus and left
frontal orbital cortex showed signiﬁcant connectivity with
the PCC at age 13 but not age 10.
Activity in the dlPFC seed was signiﬁcantly correlated
with “hub” regions of the CEN, including those located
in the dmPFC and IPS (Seeley et al., 2007). Other regions
demonstrating correlated activity with the seed, including
the bilateral superior and inferior temporal gyri and the
bilateral insula, are detailed in Table 2. Two regions—the
left cerebellum and the left inferior temporal gyrus—were
signiﬁcantly correlatedwith the dlPFC at age 13 but not age
10.
Other researchers have not always found that the
functional networks of late childhood or early adolescence
resemble those in adulthood so closely. For example,
Fair and colleagues (2008) reported that among slightly
younger children (ages 7–9), the medial prefrontal cortex
was only minimally connected to the PPC and the lateral
parietal cortices, whereas we found robust connections
between the mPFC and PPC. It is possible that signiﬁcant














Peak coordinates of Default Mode Network connectivity maps for posterior cingulate seed.
Age 10 Age 13 10>13 13>10
MNI peak (mm) Max Z Sig # voxels MNI peak (mm) Max Z Sig # voxels MNI peak (mm) Max Z Sig # voxels MNI peak (mm) Max Z Sig #
voxels
x y z x y z x y z x y z
Medial prefrontal
cortex
4 48 22 6.94 16,307 2 50 20 8.17 18,105 18 34 22 4.30 1558
Ventromedial
prefrontal cortex
4 50 −12 7.00 −2 50 −8 7.92
Dorsomedial prefrontal
cortex
22 32 48 6.70 22 32 48 6.69 10 54 42 4.18
Left middle frontal
gyrus
−30 22 44 6.98 −26 22 46 7.66 −14 42 36 2.90
Right middle frontal
gyrus
22 30 42 8.17 20 32 44 7.44 30 8 44 3.12 13
Right frontal orbital
cortex
36 18 −20 3.84 50 32 16 −18 4.96 160
Left frontal orbital
cortex
−32 12 −14 4.19 245
Right caudate 12 24 −4 2.93 11 6 8 0 3.17 12
Left caudate −6 12 −2 3.73 32 −6 8 −2 3.81 100




−24 −36 −14 6.02 653 −20 −24 −18 4.59 251
Anterior cingulate 10 32 −4 5.96 1036 2 46 4 7.21 1500 16 34 20 3.98 193
Posterior
cingulate/precuneus
0 −56 38 12.75 11,338 −8 −56 40 11.66 11,632 20 −48 34 3.19 40 −4 −60 8 3.98 630
Right temporal cortex 54 0 −26 6.71 2971 56 0 −22 7.57 2647
Left temporal cortex −60 −10 −18 6.80 2865 −58 −16 −14 7.14 3225 −58 −6 −16 3.85 322
Right lateral parietal
cortex
46 −66 40 8.11 4084 52 −58 28 8.50 3087 34 −56 30 3.28 76
Left lateral parietal
cortex
−48 −58 28 8.99 4930 −50 −68 32 8.81 4542
Right cerebellum 6 −52 −46 5.38 807 32 −78 −34 6.24 1431
Left cerebellum −6 −52 −46 6.07 479 −6 −50 −42 5.90 1102
Coordinates are in Montreal Neurological Institute space. Results for 10>13 and 13>10 depict activity that overlaps with the Default Mode Network in the sample at Time 2 (age 13). For all maps, Z>2.3, cluster














Peak coordinates of Central Executive Network connectivity maps for dorsolateral prefrontal cortex seed.
Age 10 Age 13 10>13 13>10






MNI peak (mm) Max Z Sig #
voxels
x y z x y z x y z x y z
Right dorsolateral prefrontal
cortex
46 40 18 11.03 14,444 46 36 20 12.39 13,159 48 36 24 4.61 654
Right lateral prefrontal cortex 38 48 8 8.43 46 48 4 8.66 46 52 6 4.23
Left dorsolateral prefrontal
cortex
−46 34 26 7.33 5889 −40 32 18 7.06 4749
Left lateral prefrontal cortex −38 38 6 6.38 −40 38 6 6.82
Dorsomedial prefrontal cortex 4 20 44 5.76 1439 6 20 42 8.10 1757 4 20 44 4.07 389
Right insular cortex 30 20 6 6.87 959 32 22 0 8.00 1217
Left insular cortex −28 16 8 5.10 431 −30 18 6 6.40 624
Left putamen −22 −4 4 5.32 555 −28 16 6 5.68 556
Right putamen 30 18 4 7.04 1048 32 16 4 7.85 1223
Cingulate 4 −8 28 3.66 314 0 2 28 5.39 729
Right caudate 14 10 8 5.03 142 14 −4 18 5.80 120
Left caudate −12 10 6 4.15 43 −14 −6 18 4.75 42








−46 −20 10 3.32 53 −54 −38 22 4.28 619
Right inferior temporal gyrus 54 −50 −4 5.99 992 56 −38 −14 5.73 1246
Left inferior temporal gyrus −50 −48 −12 4.00 246
Left posterior parietal cortex −46 −42 46 5.57 3237 −46 −40 42 6.45 2251
Left lateral occipital cortex −32 −64 58 4.80 −28 −66 40 4.42
Right posterior parietal cortex 56 −38 52 8.09 7038 50 −42 54 8.74 6475 42 −60 58 4.14 707
Right lateral occipital cortex 32 −64 44 5.69 32 −62 40 7.08 46 −60 54 2.51
Left cerebellum −10 −80 −32 5.79 1647 −30 −74 −50 4.67 813
Coordinates are in Montreal Neurological Institute space. Results for 10>13 and 13>10 depict activity that overlaps with the Central Executive Network in the sample at Time 2 (age 13). For all maps, Z>2.3,
cluster corrected for multiple comparisons at p< .05.
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Fig. 1. Panels A and B depict connectivity maps for the Default Mode Network (DMN) seed at ages 10 and 13, respectively. Panel C depicts DMN-seed
connectivity that was greater at age 10 relative to age 13, overlaid on the more mature Central Executive Network (CEN) connectivity map to illustrate the
considerable overlap between them. Panel D depicts DMN-seed connectivity thatwas greater at age 13 relative to age 10, overlaid on themoremature DMN
connectivitymap. Panels E and F depict connectivitymaps for the CEN seed at ages 10 and 13 respectively. Panel G depicts CEN-seed connectivity greater at
map to h
ap.age 10 relative to age 13, overlaid on the more mature DMN connectivity
at age 13 than age 10, overlaid upon the more mature CEN connectivity m
differences in our ﬁndings. Additionally, differences in
seed regions (Fair and colleagues used a seed in themPFC),
preprocessing, and motion correction may also account
for the discordant ﬁndings, as could the fact that Fair and
colleagues utilized a traditional resting state scan whereas
our participants passively listened to ameaningless speech
stream. Nonetheless, our ﬁndings suggest that by age 10,
the basic functional architecture of the DMN is in place.
Less is known about the developmental timecourse of the
CEN, but our ﬁndings suggest that this, network, too is
largely functionally connected by age 10.
3.2. Increasing connectivity within networks
While both networks do appear to be largely function-
ally connected by age 10, we observed signiﬁcant changes
from age 10 to 13 suggesting that connectivity within the
DMN and CEN continues to strengthen internally through
early adolescence. Fig. 1 (panel D) depicts regions that
increased in PCC connectivity from age 10 to 13. We
observed an increase in connectivity between the PPC andighlight network overlap. Panel H depicts CEN-seed connectivity greater
the mPFC, two important hubs of the DMN and, notably, a
particularly long-range connection. Table 1 details regions
of the DMN, as deﬁned in our sample at age 13, that either
increased or decreased in connectivity from the ﬁrst to the
second time point. Seven regions increased in connectivity
with our seed over time, including the left hippocampus,
the leftmiddle frontal gyrus, the anterior cingulate, and left
temporal cortex. In comparison, three regions of consider-
ably smaller size showed greater seed-region connectivity
age 10: the right middle frontal gyrus and the right lat-
eral parietal cortex and a portion of the precuneus located
ventral to the seed. Increased DMN integration has been
observed in previous cross-sectional work comparing chil-
dren, adolescents, and adults (Fair et al., 2007a, 2008;
Supekar et al., 2010; Uddin et al., 2011). Our longitudi-
nal results, over a narrower age range, suggest that early
adolescence may be a particularly important period dur-
ing which this integration occurs. In particular, our ﬁnding
suggesting signiﬁcant increases in PCC-mPFC connectivity
is consistent with the ﬁndings of Supekar and colleagues
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he DMN already show strong functional connectivity to
ne another and to the PCC by late childhood, the mPFC-
CC connection continues to develop signiﬁcantly from
ate childhood to young adulthood (see also Fair et al.,
007a). Indeed, Supekar and colleagues also documented
igniﬁcant differences in the dorsal cingulum “cingulate
yrus” tract, which connects the PCC andmPFC, suggesting
structural explanation for the protracted developmental
rajectory of these particular neural regions. Furthermore,
n a sampleof 9–13year olds,Gordonandcolleagues (2011)
ound that DMN functional connectivity related positively
o white matter integrity in this network.
Fig. 1 (panel H) depicts regions showing increased con-
ectivity from age 10 to 13 between our CEN seed region,
he dlPFC, and several other regions implicated in this net-
ork, including the right IPS and dmPFC, as well as the
erebellum. In contrast, no regions of the CEN (as deﬁned
n our sample at age 13) showed signiﬁcant decreased
onnectivity with the dlPFC seed over time. As with the
MN, these results highlight the extent to which network
aturation occurs in early adolescence. These ﬁndings are
lso consistent with previous work examining a wider age
ange: Fair and colleagues (2007a) found that the connec-
ion between the dlPFC and the IPS increased between
ate childhood (age range 7–9 years) and adolescence (age
ange 10–15 years), and that the connection between the
lPFC and cerebellum increased signiﬁcantly from late
hildhood to adulthood.
.3. Increasing segregation between networks
The strengthening of within-network connections is
nly one aspect of functional networkmaturation; the two
etworks also become increasingly segregated through-
ut early adolescence. Fig. 1 (panel C) depicts regions for
hich connectivity was greater at age 10 than age 13. In
any cases, this change represented an increase in neg-
tive connectivity over time (i.e., greater anticorrelation).
egions with signiﬁcant negative DMN-connectivity that
ecame increasingly anticorrelated with the DMN from
ge 10 to 13 included hubs of the CEN, such as the pPC
nd the dmPFC. Fig. 1 (panel C) shows that the regions of
ncreasing negative DMN-seed connectivity overlap con-
iderably with CEN regions as identiﬁed in our sample at
ge 13. Similarly, regions of increasing anticorrelationwith
he CEN seed were amongst those showing greater posi-
ive connectivity over time within the DMN (Fig. 1, panel
). In particular, both the mPFC and the PCC demonstrated
ncreased negative connectivity with the dlPFC seed.
In adult populations, the DMN and CEN have been
escribed as “intrinsically anticorrelated” (Fox et al.,
005b). Some (e.g., Anderson et al., 2011; Murphy et al.,
009) have suggested that this anticorrelation arises as a
irect result of global signal regression and is, therefore,
ot intrinsic at all but rather an artifact of this particu-
ar analytic technique. However, anticorrelated networks
ave been documented using functional connectivity tech-
iques that do not incorporate global signal regression
Beckmann et al., 2005; Chang and Glover, 2009). Further-
ore, it is likely that global signal ﬂuctuations obscure
oth negative and positive correlations, necessitating theire Neuroscience 10 (2014) 148–159 155
regression in functional connectivity analyses (Fox et al.,
2009).A recentanalysis inmacaques found that inclusionof
theglobal signal increased the relationshipbetweenunder-
lying structural and functional connectivity, suggesting the
global signal may serve to reﬁne functional data (Miranda-
Dominguez et al., 2014). Thus, we elected to implement
global signal regression in the present analyses. With this
debate in mind, however, the exact magnitude of the neg-
ative relationship between the CEN and DMN should be
interpreted cautiously.
Our ﬁndings are consistent with others suggesting
that greater segregation—be it weaker positive correlation
or stronger anticorrelation—between individual networks
occurs with age (Dosenbach et al., 2010; Fair et al.,
2007a, 2009; Thomason et al., 2008). In particular, Stevens
et al. (2009) found increasing segregation in the multiple
default-mode and prefrontal-partietal attention circuits
they identiﬁed using ICA analysis in a cross-sectional
sample of participants aged 12–30. Using a longitudinal
sample, we demonstrate that some of these age-related
differences can be speciﬁcally attributed to maturation
that occurs within the narrow window of early adoles-
cence.
Unlike many other studies exploring developmental
changes in network integration and segregation across the
entire brain (e.g., Dosenbach et al., 2010; Fair et al., 2009;
Stevens et al., 2009), we elected to narrow our focus to two
particular networks. Sonuga-Barke and Castellanos (2007)
proposed that the DMN and the “task positive” network,
which encompasses the CEN among other regions, can
be conceptualized as a single network consisting of anti-
correlated parts. Considered within this framework, our
ﬁndings suggest that early adolescence is a period dur-
ing which the two individual components of this complex
network mature, as well as a period in which these com-
ponents become increasingly deﬁned by their contrast to
one another. Dosenbach and colleagues (2010) found that
from age 7 to 30, increases in negative connectivity are sig-
niﬁcantly better predictors of age than increases in positive
connectivity. Our ﬁndings suggest that during early adoles-
cence, this segregation is a vital aspect of networkmaturity.
Indeed, some areas that increased signiﬁcantly in negative
connectivity with our DMN seed (e.g., the dmPFC and pPC),
were the same areas that increased signiﬁcantly in positive
connectivity with our CEN seed, and vice versa.
3.4. Functional connectivity in the CEN and intelligence
quotient
At age 10, IQ was found to modulate connectivity
between the dlPFC (our CEN hub) and another region of
the CEN, the pPC, such that higher IQ was associated with
stronger connectivity (MNI peak voxel coordinates x=64,
y=−34, z=46, max Z=4.17, 351 voxels; see Supplemen-
tary Fig. 2). Note that while IQ correlatedwith participants’
mean absolute and relative head motion at age 10, IQ
predicted positive dlPFC-pPC connectivity over and above
the inﬂuence of both measures of motion (p< .001). At
age 10, IQ was signiﬁcantly negatively correlated with
connectivity between the dlPFC and two regions: (1) a
frontal region encompassing the subcallosal cortex and the
Cognitiv156 L.E. Sherman et al. / Developmental
nucleus accumbens (MNI peak voxel coordinates, x=−8,
y=8, z=−12, max Z=4.57, 306 voxels) which overlapped
partially with the DMN as identiﬁed in our sample at
both time points; (2) a region in the precuneus/PCC (MNI
peak voxel coordinates x=−12, y=−50, z=18,max Z=4.01,
368 voxels) belonging to the DMN. The negative relation-
ship observed between IQ and connectivity between these
regions remained signiﬁcant after controlling for absolute
and relative mean head motion (p< .001). Supplementary
Fig. 2 demonstrates the extent towhich these regions over-
lap with the DMN.
At age 13, IQ was not positively correlated with dlPFC
connectivity. However, IQ was negatively correlated with
connectivity between the dlPFC and a region in the vmPFC
thatoverlappedwith theDMN(MNIpeakvoxel coordinates
x=12, y=32, z=−12, Z=4.93, 399 voxels; see Supplemen-
tary Fig. 2), and this effect was signiﬁcant over and above
the combined inﬂuence of relative and absolutemean head
motion (p< .001).
Our ﬁndings are consistent with previous cross-
sectional work examining the relationship between IQ and
network connectivity in children and adolescents using
an ICA approach. Langeslag and colleagues (2013) found
a signiﬁcant positive correlation between IQ and connec-
tivity in the right PFC and pPC in a sample of 6–8 year
olds. Li and Tian (2014) examined the relationship between
the right and left frontoparietal control networks and IQ
in childhood and adolescence: they also found that con-
nectivity strength in regions of the right network were
positively associated with IQ. Other research also suggests
that the relation between IQ and connectivity in the CEN
or frontoparietal networks persists into adulthood. Song
and colleagues (2008) utilized a functional connectivity
approach that most closely resembled ours: in an adult
sample, they examined connectivity with bilateral dlPFC
seeds. They too found a relation between IQ and positive
connectivity in the right dlPFC and right pPC. They also
reported signiﬁcant negative correlations between IQ and
connectivity between the dlPFC and non-CEN regions (e.g.,
the cuneus and lingual gyrus), though these regions were
different than those we identiﬁed. Others have demon-
strated that IQ relates to other measures of connectivity,
including global efﬁciency and regional homogeneity (van
den Heuvel et al., 2009; Santarnecchi et al., 2014; Wang
et al., 2011).
Like the literature cited above, our ﬁndings support the
hypothesis forwarded by Jung and Haier (2007) suggesting
that individual differences in the structure and function
of the frontoparietal regions implicated in the CEN are
meaningfully related to variability in human intelligence.
By using a seed-based whole-brain analysis, we were also
able to examine which regions outside of the CEN showed
dlPFC connectivity that was positively or negatively cor-
related with IQ. In support of the importance of network
integration, there were no regions outside of the CEN that
had dlPFC connectivity that was signiﬁcantly positively
related to IQ. In support of the importance of network seg-
regation, dlPFC connectivity with regions outside of the
CEN was negatively correlated with IQ. Of note, two of
these regions—the PCC and the vmPFC—represent impor-
tant hubs of theDMN. In otherwords, higher IQwas relatede Neuroscience 10 (2014) 148–159
to greater between-network segregation. Ultimately our
ﬁndings suggest that elements of functional network inte-
gration and segregation witnessed across development
also relate to individual differences in intellectual perfor-
mance.
4. Conclusions, limitations, and future directions
We observed signiﬁcant within-network maturation
(i.e., stronger within-network connectivity) and between-
network segregation (i.e., weaker correlation between
regions belonging to different networks) in the brain’s
functional architecture from ages 10 to 13. This relatively
brief age gap is nonetheless a particularly signiﬁcant one
for physical, neural, and social development. Our ﬁndings
suggest that this developmental period may also be par-
ticularly important for functional maturation. Further, we
observeda relationshipbetweenconnectivitywithourCEN
seed and IQ. At age 10, within-network integration in the
CEN (i.e., dlPFC-pPC connectivity) was signiﬁcantly pos-
itively associated with IQ. Less segregation between the
dlPFC seed and non-CEN regions—including the PCC, a hub
of the DMN—was associated with lower IQ at both age 10
and age 13. Taken together, our longitudinal ﬁndings and
the correlations with IQ suggest that a complete under-
standing of networkmaturity and efﬁciencymust take into
account not only individual networks but also the relation-
ships between them.
Some limitations of the present study must be noted.
While theﬁeldhas convergedon somegeneral practices for
analyzing functional connectivitydata, debateas to thebest
practices is ongoing with new techniques and approaches
continuing to emerge. In presentingﬁndings resulting from
two analytic approaches, we aimed to demonstrate that
our main ﬁndings—that is, the increased integration and
segregation of functional networks over a relatively short
period of adolescence—are indeed robust to two such dif-
ferent approaches. Another limitation of note is our use of
data collected during a passive-listening fMRI scan, rather
than a traditional resting-state scan. Future research repli-
cating the present ﬁndings with traditional resting-state
data is needed to corroborate our conclusions and allow
for easier comparison between these results and others
employing traditional resting state. Nonetheless, in using
the present dataset, we were afforded the opportunity
to examine the maturation of functional networks lon-
gitudinally. To the best of our knowledge, no published
research has investigated functional networks during this
developmental epoch using a longitudinal design, despite
the considerable increase in power provided by such an
approach.
The majority of the extant literature on the develop-
ment of the DMN and CEN has taken a broader approach,
comparing functional networks between children and ado-
lescents, or even children and adults. Our results suggest
that it is indeed feasible to narrow the focus to briefer
periods in adolescence, particularly those in which con-
siderable structural maturation is known to occur. This
research has implications for our understanding of the
trajectory of altered connectivity in developmental disor-
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rain connectivity in autism, Uddin et al. (2010) suggest
hat the diverse and often conﬂicting ﬁndings regarding
rain connectivity in autism may be somewhat amelio-
atedby amoreﬁne-tunedunderstanding of hownetworks
hange throughout childhood and adolescence, particu-
arly during puberty and particularly using longitudinal
amples. In gaining greater understanding of typical devel-
pment during this period, we pave the way for research
argeting at-risk and atypical populations. Furthermore,
e can begin to connect the maturation of functional
etworks with the substantial social and cognitive devel-
pments that occur during the second decade of life. Our
ndings demonstrate the importance of considering both
onnections within each network as well as the extent
o which individual networks are segregated. Continued
esearch characterizing the development of functional
rainnetworkswill allowus tobetter understandhowsuch
evelopment relates to the vast array of other changes that
ccur throughout adolescence.
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